A nuclear lamina-enriched fraction from Ehrlich ascites tumor cells contains a tightly bound protein kinase activity, which phosphorylates in vitro the nuclear lamins, a 52-kilodalton protein, and several unknown minor components. The enzyme(s) is thermolabile, independent of Ca2+ and cAMP, and inhibited by quercetin. After treatment with 4 M urea it remains bound to the nuclear lamina in an active state, but it is irreversibly inactivated in 6 M urea. The lamin proteins are phosphorylated on serine residues. Their two-dimensional phosphopeptide maps show multiple phosphorlation sites and a considerable similarity to the phosphopeptide maps of lamins labeled in vivo. Photoaffinity labeling experiments revealed several polypeptide fractions in the nuclear lamina fraction that are candidates for the protein kinase(s).
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The nuclear lamina (NL) is a proteinaceous meshwork located at the inner surface of the nuclear membrane (1, 2). The major constituents of the NL are three polypeptides with molecular masses between 60 and 75 kDa, termed lamins A, B, and C (2) . It is thought that the NL plays a role in maintaining the structural organization of both the nuclear envelope (3, 4) and chromatin (5, 6) in the interphase nucleus. It has also been shown that the lamins are members of the intermediate filament protein family (7) (8) (9) (10) (11) .
The nuclear lamins are phosphoproteins. During interphase they exhibit a relatively low level of phosphorylation of about 0.2 mol of phosphate per mol of protein (12) . However, when the NL is disassembled in mitosis (3, 4) there is an increased phosphorylation of the three lamins (4, 12) . Little is known about the nature, location, and regulation of the protein kinase(s) involved in both interphase and mitotic phosphorylation of the lamins.
We have recently developed a method for the isolation of the NL from Ehrlich ascites tumor (EAT) cells (13, 14) . It involves dispersing the cytoplasm by treatment with Nonidet P-40 at low ionic strength and digestion of the nuclear structures with DNase II in the absence of divalent cations.
This procedure yields intact NL shells, essentially depleted of intranuclear material and nuclear membranes. In this communication we report that these NL structures contain a tightly bound, thermolabile, Ca2+-and cAMP-independent protein kinase activity, which is capable of phosphorylating the three nuclear lamins in vitro.
METHODS
EAT cells were grown in culture in Dulbecco's modified Eagle's (DME) medium containing 10% fetal calf serum. The cells were labeled for 18 hr with [32P]orthophosphate (ICN) at 0.5 mCi/ml (1 Ci = 37 GBq), or with [35S]methionine (Amersham) at 25 uCi/ml in DME otherwise free of phosphate or methionine, respectively, supplemented with 5% dialyzed fetal calf serum.
The original method developed for the isolation of NL from EAT cells (13, 14) was modified as follows. One milliliter of packed cells was resuspended in 30 tnl of solution 1 (0.25 M sucrose/5 mM EDTA/5 mM Tris HCI, pH 7.5/0.5 mM phenylmethylsulfonyl fluoride), incubated at 0C for 5 min, and centrifuged at 600 x g for 5 min. The cells were treated once more with 30 ml of solution I and twice with 30 ml of solution 11 (0.25 M sucrose/0.1 mM EDTA/5 mM Tris-HCI, pH 7.5/0.5 mM phenylmethylsulfonyl fluoride). Each time the cells were resuspended (Vortex mixer), incubated for 5 min at 0C, and collected by centrifugation at 600 x g for 5 min. The pellet was then resuspended in 10 ml of solution II, mixed with 10 ml of aqueous 1% Nonidet P-40 (Sigma), layered over a 60-ml cushion of solution III (0.25 M sucrose/0.1 mM EDTA/5 mM Tris HCl, pH 7.0), and spun at 3500 x g for 15 min. The resulting semitransparent pellet was resuspended in 10 ml of solution III and incubated for 30 min at room temperature in the presence of DNase II (Sigma) at 10 units/A260 unit, RNase (Worthington) at 20 ,ug/ml, and a mixture of protease inhibitors (leupeptin, pepstatin, and aprotinin, all from Sigma, 2.5 Ag/ml each).
The sample was then mixed with an equal volume of 2 x HSE (3 M NaCl/20 mM Tris HCI/2 mM EDTA, pH 8.0). Ten-milliliter aliquots were layered over a 20-ml cushion of 15% sucrose in HSE in 30-ml Corex tubes and spun for 30 min at 26,000 x g in a Beckman J2-21 centrifuge (rotor JS-13.1) to pellet the NL fraction.
The same procedure, excluding the detergent step (instead, the pellet was resuspended in solution II and mixed with an equal volume of water) was used to isolate nuclear envelopes. Phospholipids were determined as described by Bligh and Dyer (15) , inorganic phosphate according to Ames (16) , and ATPase activity by using adsorption on charcoal (17 MTo whom reprint requests should be addressed.
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cooling on ice and adding nonradioactive ATP and EDTA to final concentrations of 10 mM each. An aliquot of the supernatant was used to determine the total radioactivity by Cerenkov radiation counting. For samples containing casein, the latter was recovered by precipitation from the supernatant with 20% (wt/vol) trichloroacetic acid for 60 min at 00C. The NL pellet was washed three times with 10 mM TrisHCl/1 mM EDTA, pH 7.5, three times with 5% trichloroacetic acid containing 1% sodium pyrophosphate, and three times with 10 mM Tris-HCl/1 mM EDTA, pH 7.5. For electrophoresis in NaDodSO4-containing polyacrylamide gels (19) , the material was dissolved in sample buffer containing 5% (vol/vol) 2-mercaptoethanol by boiling for 3 min. The gels were stained with Coomassie blue, destained, dried, and exposed to x-ray films at -70TC.
In some experiments, before phosphorylation the NL preparations were treated with 2, 4, or 6 M urea in 10 mM Tris HCl/1 mM EDTA, pH 8.0 for 30 min at 00C. After this treatment most of the material was still pelletable and was recovered by centrifugation at 140,000 x g for 30 min in a Beckman Ti 50 rotor. The supernatants were dialyzed against 10 mM TrisHCl, pH 7.5, and both pellets and supernatants (the latter after concentration by using dry Sephadex G-200 and addition of casein to 150 ,g/ml) were incubated in phosphorylation buffer in the presence of [y-32i]ATP as described above.
Quercetin (Sigma) was dissolved in 95% (vol/vol) ethanol at 2 mg/ml and diluted into the incubation mixture to the desired final concentration. Control samples received the same volume of 95% ethanol.
For photoaffinity labeling (20) , NL samples in phosphorylation buffer containing 5 uCi of the radioactive analogue [a-32P]ATP (Amersham) per 50 Al were irradiated by using a 15-W bactericidal lamp (Medicor, Budapest; emission at 254 nm) at a distance of 15 cm for 30 min at room temperature. Nonirradiated controls were treated identically except the lamp was not turned on. The samples were processed and analyzed as described above.
Two-dimensional isoelectric focusing (IEF)/NaDodSO4 gel electrophoresis was performed according to O'Farrell (21) . The protein samples were dissolved in 1% NaDodSO4 containing 5% 2-mercaptoethanol, Nonidet P-40 was added to 10% (vol/vol), and the samples were saturated with urea and applied to IEF gels. For phosphoamino acid analysis and phosphopeptide mapping, the NL proteins were fractionated by two-dimensional IEF/NaDodSO4 electrophoresis (21) . The gels were stained with Coomassie blue, destained, dried, and autoradiographed. The spots were excised and the approximate quantity of protein was determined from Coomassie blue binding (22) , using bovine serum albumin as a standard. This procedure extracted no protein from the gel slices, so that they could be used for radioactivity measurement, phosphoamino acid analysis, and phosphopeptide mapping. For this purpose, the gel pieces were assayed for radioactivity, washed extensively with 70% and 100% ethanol, and lyophilized. The dried slices were allowed to swell in 0.05 M ammonium bicarbonate/i mM dithiothreitol, pH 8.0, and digested at 37°C with trypsin at 100 ,ug/ml, treated with L-1-tosylamido-2-phenylethyl chloromethyl ketone (Sigma), which was added twice during a 24-hr period. The hydrolysates were Iyophilized. For phosphoamino acid analysis, the residues were subjected to a partial acid hydrolysis and electrophoresed on cellulose thin-layer plates (Kodak) in one dimension at pH 3.5 (23) . For two-dimensional peptide mapping the material was fractionated on cellulose thin-layer plates by electrophoresis at pH 1.9 in one dimension, followed by chromatography in the other (24, 25). The phosphopeptides were detected by autoradiography. 
When NL pellets were treated with 35S-labeled soluble protein fraction for 10 min at 0°C and then washed with solution II and HSE, they were found to contain less than 0.005% of the input radioactivity. Moreover, the same amount of radioactivity was eluted from an empty glass tube treated with 35S-labeled proteins and washed in precisely the same way. The low cytoplasmic contamination of these preparations is also evident from the trace amount of vimentin present (Fig. LA) .
As a control for the contamination of the NL fraction with typical nuclear membrane proteins, we determined the ATPase activity of the NL preparations in comparison with crude total nuclear envelopes, isolated from the same quantity of cells and containing about 30%o (wt/wt) phospholipids. Fig. 2 shows that the NL has less than 5% of the ATPase activity present in the total nuclear envelope fraction.
NL Contains Protein Kinase Activity That Modifies the Three Lamins. Preparations of NL were incubated in the presence of ['y-32P]ATP, dissolved in NaDodSO4 sample buffer, and fractionated by two-dimensional IEF/NaDod-S04 gel electrophoresis. Fig. 1B shows that the three lamins are phosphorylated, together with some minor fractions. The most prominent of the nonlamin phosphorylated fractions is a polypeptide with a molecular mass of %52 kDa and pI ==6.6, which exhibits a specific radioactivity higher than that of the lamins ( Table 1 ). The specific radioactivities of the other minor fractions could not be estimated due to their low quantities.
The incorporation of phosphate into the three lamins under our conditions varied around 100 fmol per ,ug of protein (Table 1) , which corresponds to -0.01 mol/mol of protein, assuming an average molecular mass of 70 kDa. No correlation was observed between the extent of modification and the concentration of ATP in the reaction mixture in the range between 10 and 100 ,uM. The three lamins were labeled to similar extents. We noticed that the radioactivity in each of the lamin fractions showed a distribution different from the Coomassie blue-stained material, being shifted towards the acidic (+) end of the IEF gel (Fig. 1) . To confirm this by direct counting, the basic (left) and the acidic (right) portions of each lamin fraction were excised from the dry gel as indicated in Fig. 1 and the specific radioactivity of each section was determined. As shown in Table 2 , the specific radioactivities of acidic portions of the lamin fractions were (Table 1) , bovine serum albumin, and histones H1 and H2a (not shown) were also phosphorylated, but to a much lesser extent. Excess of EDTA, heating at 60°C for 10 min, or the presence of quercetin, a strong inhibitor of a nuclear envelope-associated NTPase (26) , at 20 ,g/ml completely inhibited the phosphorylation (Table 1) . In an attempt to dissociate the protein kinase activity from the NL, we found that after a treatment with 4 M urea we could still detect a significant amount of phosphorylation in 140,000 x g pellet (Table 1) . In 6 M urea the reaction was completely inhibited, and no kinase activity appeared in the urea supernatant.
To estimate the extent of contamination of our NL preparations with cytoplasmic protein kinase activity we carried out the following control experiment. NL pellets heated at 70°C for 10 min to destroy their kinase activity and control unheated NL pellets were treated with unlabeled soluble protein fraction for 10 min at 0°C. In vitro phosphorylation assays revealed that this treatment did not restore the kinase activity of the heat-inactivated NL, nor did it increase the activity of the control unheated NL preparation.
These control experiments strongly suggest that the observed kinase activity does not result from cytoplasmic contamination of the NL fraction. The basic (-) and acidic (+) portions of the electrophoretic fractions of lamins A, B, and C were excised as indicated in Fig. 1 , and the specific radioactivity of each half was determined from Coomassie blue binding and Cerenkov counting data. Characterization of the Phosphorylated Proteins. The pi teins phosphorylated in the in vitro reaction were furti characterized by phosphoamino acid analysis. The ami acid acceptor of phosphate in the lamin molecules is mosi serine (Fig. 3) , as has been shown to be the case with lami phosphorylated in vivo (12) . The 52-kDa protein is phospi rylated on both serine and threonine residues (Fig. 3) .
Two-dimensional phosphopeptide maps of the lamins beled in vitro, as well as those labeled in vivo (Fig. 4) 5) . None of the bands appeared to coincide with the major Coomassie blue-stained fractions or with the putative 174-kDa ATPase found associated with the nuclear matrix-porelamina fraction, obtained from several types of cells (27) . 
DISCUSSION
The protein kinase activity described in this paper is tightly associated with preparations of NL. It remains insoluble in the course of the isolation procedure, which includes a treatment with detergent at low ionic strength, digestion of the nucleic acids, and extraction with a high-salt solution. Furthermore, it is at least partly resistant to 4 M urea. The presence of a protein kinase activity has been previously reported in isolated nuclear envelopes (26, 28, 29) , but the phosphorylated products were not identified. In contrast with our results, this activity was found to be sensitive to nonionic detergents (28) .
Our control experiments suggest that the kinase activity in the NL preparations does not result from nonspecific cytoplasmic contamination. Further experiments involving the isolation and purification of the protein kinase are necessary to elucidate the precise manner of its binding to the NL in vivo. A close association of protein kinases with the NL is not surprising, as the enzymes involved in the phosphoryl- ation of the lamins in vivo appear to function on assembled NL structures and not on monomeric lamins in the soluble pool (12) . We speculate that a mechanism based on the affinity of a protein kinase to the NL may be involved in targeting the enzyme to its substrates and thereby conferring specificity to the reaction.
The overall level of lamin phosphorylation reached in vitro is 1/20th to 1/40th of that found earlier for interphase nuclei by using in vivo labeling to equilibrium (12) . This difference may be due to a much lower efficiency of the enzyme under in vitro conditions, possibly involving conformational alterations in isolated NL. Still, the overall similarity between in vivo and in vitro phosphopeptide maps of the lamins (Fig. 4) suggests that the protein kinase operates in a similar way in both cases.
Our in vivo phosphopeptide maps show that during interphase there are at least nine different sites available for phosphorylation on both lamins A and C and at least five on lamin B. Therefore, the full capacity of lamin phosphorylation is not reached even during mitosis, in which the modification has been reported to be 1-2 mol of phosphate per mol of protein (12) . The fact that different lamin molecules are phosphorylated at different sites suggests that the protein kinase involved has a broad amino acid sequence specificity, which is the case with a number of serine-and threonine-modifying enzymes (30) . Alternatively, involvement of multiple kinase activities is possible.
In summary, the tight binding of a protein kinase(s) to the NL and the similarity between in vivo and in vitro lamin phosphorylation, as judged from phosphoamino acid analysis and peptide mapping, suggest that this enzyme is involved in the phosphorylation of the NL proteins in the living cell. The mechanism of association of the protein kinase with the NL, its regulation, and its possible function in the mitotic disassembly of the nuclear envelope, as well as the role of interphase lamin phosphorylation in nuclear growth (31) and differential attachment of chromatin to the NL, remain intriguing themes for future research.
